The stimulatory effects of insulin and certain lipolytic agents on CAMP phosphodiesterase were compared.
The stimulatory effects of insulin and certain lipolytic agents on CAMP phosphodiesterase were compared.
The enzyme activity stimulated by insulin under optimum conditions did not increase any further by the addition of isoproterenol, adrenocorticotropin, dibutyryl CAMP, 3-isobutyl-l-methylxanthine, or theophylline. The basal, plus insulin, and plus isoproterenol activities were all associated with the endoplasmic reticulum. All three activities were maximum at about pH 7.5. The plus insulin and plus isoproterenol activities showed almost identical responses with heat, salt, and several sulfhydryl-blocking agents.
With a mixture of Lubrol WX and Zwittergent 3-14, approximately 80% of the enzyme activity was solubilized. The solubilized enzyme retained the effects of insulin and isoproterenol. Upon gel filtration with Sepharose 4B, the solubilized enzyme was eluted mainly as a single symmetrical peak. The apparent Stokes radii of the solubilized plus insulin and plus isoproterenol enzymes were both approximately 94 A,
while that of the basal enzyme was approximately 87
A. The difference in the elution volumes of the basal and plus hormone enzymes was statistically significant ( p < 0.01).
It is suggested that although insulin and certain lipolytic agents (such as isoproterenol) have antagonistic physiological effects, they stimulate the same species of adipocyte phosphodiesterase and produce identical forms of the activated enzyme. Zinman and Hollenberg (l) , the low K,,, cAMP phosphodiesterase in fat cells is stimulated not only by insulin, but also by certain lipolytic agents, such as catecholamines (1-3), dibutyryl cAMP ( l ) , adrenocorticotropin (3), and methylxanthines (3). Similarly, the low K , phosphodiesterase in liver is activated not only by insulin, but also by glucagon, CAMP, and Bt2cAMP' (4). These observations are paradoxical since most of the physiological actions of insulin and lipolytic agents are antagonistic. However, it is yet to be determined whether insulin and lipolytic agents stimulate the same species of enzyme or two different enzymes. In addition, * This work was supported by United States Public Health Service Grants 5P01 AM 07462 and 5R01 AM 0725 from the National Institutes of Health. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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p To whom all correspondence should be addressed. it is still obscure whether insulin and lipolytic agents would produce identical or different forms of the activated enzymes.
According to Zinman and Hollenberg (1) The major aim of our present study is to examine whether insulin and lipolytic hormones stimulate the same species of phosphodiesterase and produce identical forms of the activated enzymes.
MATERIALS AND METHODS
Lubrol WX (polyoxyethylene ethers of cetyl alcohol), thyroglobuIin, and crystalline bovine serum albumin were purchased from Sigma; Zwittergent 3-14 (N-tetradecyl-N,N-dimethyl-3-ammonio-l-propanesulfonate), catalase, and urease from Calbiochem. Sepharose 4B was obtained from Pharmacia. Phosphorylase kinase was a gift from Dr. Thomas Soderling of Vanderbilt University. Other materials used are listed in Ref. 5 .
Isolated rat epididymal fat cells (5) were exposed to various agents for 7 min a t 37°C. As reported by others (1, 3) , the effects of lipolytic hormones are biphasic; their effects are maximum at about 7 min. The concentration of insulin in the incubation mixture was 2 nM, and that of isoproterenol 1 PM. Unless otherwise specified, phosphodiesterase was assayed in a crude microsomal preparation (Fraction P-2) obtained by differential centrifugation (5,s) . Further fractionation of this preparation was done by sucrose density gradient centrifugation as described (6) . For solubilization of phosphodiesterase, approximately 1 mg of Fraction P-2 was suspended at 0°C in 0.6 ml of 0.25 M sucrose containing 5 m g / d of Lubrol WX, 5 mg/ml of Zwittergent 3-14, and 10 mM of Tes buffer, pH 7.5. In certain experiments when the protein concentration was 0.2 mg/ml or less, the concentration of each detergent was lowered to 0.1%. The enzyme-detergent mixture was sonicated for 20 s a t 0°C in a cup horn of Branson's sonicator (type W 185; set at position 2; approximate power, 60 watts). The sonicated preparation was kept at 0°C for 30 min, frozen, and then thawed in a water bath at room temperature with constant shaking. Immediately after thawing, the enzyme preparation was chilled to 0°C and subsequently centrifuged for 1 h a t 100,000 X g. The supernatant obtained by this centrifugation is referred to as the solubilized enzyme preparation. For gel fdtration of the solubilized enzyme, 0.5 ml of the preparation was applied to a column of Sepharose 4B (0.9 x 50 cm) equilibrated a t 4OC with 20 mM Tris-HC1, pH 7.5, containing 2 mM EDTA, 1 m g / d of Lubrol WX, and 1 m g / d of Zwittergent 3-14. The column was washed with the same buffer as above at a rate of 1 ml/h. The eluate was collected at 4°C in 0.85-ml fractions. For the determination of the total volume of the gel bed, glucose (either labeled or not labeled with 'H) was routinely added to the enzyme preparation. The apparent Stokes radius of the solubilized enzyme was estimated by comparing its K., value (5, 7) with those of the standard proteins by a graphic method (8) . The standard proteins used were: bovine serum albumin, its Stokes radius and molecular weight, 35 A (8) and 66,000, respectively (9); catalase, 52 8, (9) and 248,000 (10) ; urease, 61 A (8) and 489,000 (11) (15) , and that in a detergent solution by measuring the optical density at 280 nm. Glucose was assayed by the glucose oxidase method (16). NADH dehydrogenase was assayed spectrophotometrically (17) in the presence of 10 pM of rotenone (18) . For the assay of glucose-6-phosphatase, 10 to 20 pg of the endoplasmic reticulum protein were incubated with 5 mM of D-['4C]glucose-6-phosphate (50 nCi/ml), l mM EDTA, 100 mM KCI, and 25 mM Mes buffer, pH 6.5, in a total volume of 100 pl. After 1 h of incubation at 37°C. the reaction mixture was diluted with 100 p1 of 100 mM cold glucose-6-phosphate + 10 n m glucose. Immediately thereafter, the mixture was applied to a small column (7 X 20 mm) of AG I-=, and the latter washed with water. The labeled D-[''cC]-glucose that passed through the column was collected, and the radioactivity counted. The basis of this method is the general information presented by Nordlie and Jorgenson (19) . The method was highly sensitive and gave reproducible results.
RESULTS

General Characteristics of Phosphodiesterase Preparations Stimulated by Insulin and
by Certain Lipolytic Agents-In the experiments summarized in Table I , we examined whether the effects of insulin and certain lipolytic agents are additive. The lipolytic agents used were isoproterenol, adrenocorticotropin, Bt2cAMP, 3-isobutyl-1-methylxanthine, and theophylline. The data show that none of these agents significantly enhanced the effect of insulin observed under the optimum conditions established earlier (6) . This lack of additivity did not seem to be caused by a limited supply of the substrate since less than 25% of CAMP was degraded in these experiments. In addition, identical results were obtained when some of the assays were repeated using smaller quantities of the enzyme (data not shown). In agree-
TABLE I
Effects of certain lipolytic agents, insulin, a n d their combinations on the phosphodiesterase activity Fat cells were incubated for 7 min with buffer alone (none), 2 nM insulin, 1 p~ isoproterenol, 1 p~ isoproterenol + 1 m 3-isobutyl-lmethylxanthine, 3 mM Bt,cAMP, 250 milliunits/ml of adrenocorticotropin, 250 milliunits/ml of adrenocorticotropin + 0.5 nm theophylline, or their mixtures as shown. The phosphodiesterase activity was determined in the crude microsomal fraction (Fraction P-2) as described under "Materials and Methods." , the stimulatory effects of the lipolytic agents were less than that of insulin although the effects of the former were determined either under or near the optimum conditions. Upon sucrose density gradient, centrifugation, the basal, plus isoproterenol, and plus insulin activities showed very similar profiles of distribution (Fig. L4) . The peaks of these enzyme activities coincided with those of rotenone-insensitive NADH dehydrogenase and glucose-6-phosphatase (Fig. 1B) . The latter two are the marker enzymes of the endoplasmic reticulum (20). The presence of glucose-6-phosphatase in fat cells has not been reported previously.
The pH optima of the three phosphodiesterase preparations (basal, plus isoproterenol, and plus insulin) were all approximately 7.5 (Fig. 2) . The plus insulin and plus isoproterenol activities responded almost identically with different temperatures (0 and 37°C) and different concentrations of salt (2 mM Tes and 0.1 M KC1 + 10 lll~ Tes) (data not shown; see Ref. 5 for the responses of the plus insulin enzyme). In the presence of 0.1 M KCl, the above two activities also showed very similar responses to 1 mM iodoacetamide, N-acetylmaleimide, and pchloromercuriphenylsulfonate (data not shown; see Ref. 5 for the responses of the plus insulin enzyme to these sulfhydrylblocking agents).
Solubilization of Phosphodiesterase-In order to carry out more detailed characterization, we solubilized the phosphodiesterase activities. Among several detergents tested (sodium cholate, sodium deoxycholate, Triton X-100, Brij 35, Lubrol WX, and Zwittergent 3-14), Lubrol WX solubilized the enzyme activities most effectively (approximately 70%), causing minimum changes in the total (solubilized + not solubilized) enzyme activities (Table 11) . However, Lubrol WX had a drawback; it gradually formed precipitates a t 0-4°C. This was prevented by the addition of Zwittergent 3-14. A mixture of Lubrol WX and Zwittergent 3-14 solubilized approximately 80% of the enzyme activities (Table 11 ). This mixture inhibited the enzyme more than Lubrol WX alone did. However, the degree of this inhibition did not increase with time during a 48-h storage at 4°C (data not shown). The solubilized enzymes retained the effects of insulin and isoproterenol. Fig. 3 shows results of gel filtration of the solubilized enzymes. The gel used was Sepharose 4B. The data show that, although a small fraction of the enzyme activity appeared a t the void volume, the rest of the activity formed a single, sharp, symmetrical peak at about the same location. The total recovery was usually more than 90%. The K,, value (7,s) 
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plus insulin enzyme was 0.334 & 0.004 (n = 11). The apparent effect of insulin was statistically significant (0.02 < p < 0.05), but that of isoproterenol was not (0.05 < p < 0.10). From these data, the apparent Stokes radius and molecular weight of the basal enzyme were estimated to be approximately 87 A and 720,000, and those of the hormone-stimulated enzyme to be approximately 94 A and 820,000, if no correction was made for the bound detergent, and the molecules were assumed to be spherical.
To confirm that there is a significant difference in the elution volumes of the basal and plus hormone enzymes, we carried out another set of experiments adding thyroglobulin (molecular weight = 669,000) to the solubilized phosphodiesterase preparations as an internal reference standard. The results (not shown) indicated that the plus insulin and plus isoproterenol activities were eluted slightly, but almost certainly ( p < O.Ol), ahead of the basal enzyme activity.
DISCUSSION
Based on our present study, we suggest that insulin and certain lipolytic agents, such as isoproterenol, stimulate the same species of phosphodiesterase rather than two different enzymes and produce identical activated species. The reasons are: the maximum effect of insulin and the effects of the lipolytic agents are not additive (Table I) ; the plus insulin and plus isoproterenol activities, as well as the basal activity, show almost identical subcellular distribution (Fig. 1) ; their pH optima are indistinguishable (Fig. 2) ; the plus insulin and plus isoproterenol activities show very similar responses to temperature, salt, sulfhydryl-blocking agents, and detergents (Table 11); the basal, plus insulin, and plus isoproterenol activities form a single, sharp, symmetrical peak by gel filtration (Fig.  3) ; and the peaks of the hormone-stimulated two activities are eluted at the same location (Fig. 3) .
The only significant difference observed in the effects of insulin and the lipolytic agents is the magnitude of stimulation ( Table I) . As already noted by others (1, 3) , this difference is probably caused by the difference in the time courses of stimulation. Thus, insulin maximally stimulates phosphodiesterase within 5 min and maintains its effect during the subsequent incubation (1, 3) . In contrast, the effect of lipolytic agents is biphasic; it becomes maximum at about 7 min and then declines (1, (4) have reported that the effects of insulin and lipolytic agents were additive. However, the effects of insulin recorded in their work were rather small. Only with the mixture of insulin and lipolytic agents was the basal activity elevated 1.9-to 2.1-fold. In contrast, insulin alone stimulated the basal activity 2.2-to 2.5-fold in our studies (Table I) . Therefore, it is suggested that the previously reported insulin effects (3,4) might not be measured under the optimum conditions. Previously, Lovell-Smith et QZ. (21) have reported that they solubilized two species of phosphodiesterase having different molecular weights. However, since their detergent solution contained dithiothreitol, one of the two, namely the smaller one, might have been an artifact of the dithiothreitol-dependent degradation discussed in Ref. 5 . In our present work, only one size of phosphodiesterase was detected (except the small peak eluted at the void volume) when approximately 80% of the enzyme activity was solubilized. Furthermore, as reported in Ref. 5 , we have detected only one size of the enzymatically active fragment when approximately 100% of the enzyme was solubilized with dithiothreitol. Therefore, we tentatively postulate that only one species of phosphodiesterase exists in the crude microsomal fraction of fat cells.
Our present data show that the distribution of phosphodiesterase in a sucrose density gradient coincides not only with that of NADH dehydrogenase as previously reported from this laboratory (6) , but also with that of glucose-6-phosphatase (Fig. 1) . The latter is a well documented marker enzyme of the endoplasmic reticulum in liver cells (19, 20) . Therefore, it is probably safe to conclude that this enzyme is mostly associated with the endoplasmic reticulum. Recently, Goldfine et al. (22) reported that the internalized insulin seemed to be associated with the endoplasmic reticulum. However, data obtained in our laboratory indicate that the distribution of the internalized insulin is distinct from that of the endoplasmic reticulum (23). In addition, while the internalization of insulin is almost completely blocked at 15"C, the action of the hormone on phosphodiesterase is not (24). Therefore, we suggest that the effect of insulin on phosphodiesterase is indirect and mediated by an unidentified mechanism.
All the lipolytic agents that have been shown to stimulate phosphodiesterase (see Introduction) are known to increase the cAMP concentration. Therefore, phosphorylation may be involved in the actions of the lipolytic agents. Although many of the physiological effects of insulin are antagonistic to those of the lipolytic agents, insulin does stimulate incorporation of 32P into certain peptide fractions (25-27). In addition, either ATP or metabolic energy seems to be involved in the action of insulin on phosphodiesterase (1, 24) . Therefore, it can be postulated as a working hypothesis that phosphorylation is commonly involved in the actions of insulin and lipolytic agents. However, no experimental evidence has been obtained to show that phosphodiesterase itself is phosphorylated.
On the other hand, our gel fitration data indicate that the apparent molecular size of the hormone-stimulated enzyme is significantly larger than that of the basal enzyme (Fig. 3) . This suggests a possibility that phosphodiesterase is activated as a result of binding with an unidentified protein. It has been known that certain species of phosphodiesterase are activated upon binding with calmodulin (28-30). In addition, Gnegy et al. (31) have reported that calmodulin in brain is released into cytosol from a membrane structure when the latter is phosphorylated. However, the insulin-sensitive phosphodiesterase does not seem to be activated by calmodulin (4, 6) . Therefore, it is yet to be determined whether the fat cell enzyme is activated as a result of interaction with an unidentified protein activator or it simply increases its apparent molecular size when stimulated by hormones.
